Francisella tularensis are highly infectious microbes that cause the disease tularemia. Although much of the bacterial burden is carried in non-phagocytic cells, the strategies these pathogens use to invade these cells remains elusive. To examine these mechanisms we developed two in vitro Francisella-based infection models that recapitulate the non-phagocytic cell infections seen in livers of infected mice. Using these models we found that Francisella novicida exploit clathrin and cholesterol dependent mechanisms to gain entry into hepatocytes. We also found that the clathrin accessory proteins AP-2 and Eps15 co-localized with invading Francisella novicida as well as the Francisella Live Vaccine Strain (LVS) during hepatocyte infections. Interestingly, caveolin, a protein involved in the invasion of Francisella in phagocytic cells, was not required for non-phagocytic cell infections. These results demonstrate a novel endocytic mechanism adopted by Francisella and highlight the divergence in strategies these pathogens utilize between non-phagocytic and phagocytic cell invasion.
T he potentially fatal disease tularemia is caused by the pathogenic microbe Francisella tularensis subspecies tularensis (F. tularensis). These bacteria are highly virulent as exposure to as few as 10 organisms can result in 30-35% mortality if left untreated 1 . F. tularensis enter hosts through a variety of routes including inhalation, ingestion, abrasion and transmission through arthropod vectors. Within their hosts these microbes colonize a variety of organs including the lungs, spleen, and liver 2, 3 . F. tularensis encode a secretion system that shares homology with type VI secretion gene clusters, as well as crucial genes needed for intracellular growth and virulence on a region of their bacterial chromosome called the Francisella Pathogenicity Island 4, 5 . Much of the work examining the genetics, biochemistry and cell biology of F. tularensis exploit two closely related surrogate F. tularensis subspecies: Francisella tularensis subspecies novicida (F. novicida); a murine pathogen that does not normally cause disease in healthy humans 6 but colonizes identical organs as F. tularensis during in vivo murine infections 7 and infects both phagocytic 4 and non-phagocytic cells 6, [8] [9] [10] . F. novicida and F. tularensis share .97% of their DNA sequence 6 and both have homologous virulence factors. The secoond surrogate commonly used is F. tularensis subspecies holarctica Live Vaccine Strain (Francisella LVS); an attenuated strain that can infect human and murine cells 8, 9, 11 . Microbes often utilize multiple strategies to gain entry into cells. The process of endocytosis encompasses both the internalization of extracellular particles into phagocytic cells [by phagocytosis] and non-phagocytic cells [referred to as pinocytosis] 12 . These entry methods center around the use of the large GTPase, dynamin II, in releasing the endocytic vesicles from the invaginating membrane at the final stage of endocytosis (scission). Dynamin dependent pinocytosis is sub-divided into two categories; clathrin-mediated or caveolin-mediated pinocytosis 12 . Clathrin-mediated pinocytosis uses the coat protein clathrin and a number of accessory proteins to create a structure known as a clathrin-coated vesicle (CCV) for internalization. Although the mechanism of pinocytosis was thought to be restricted to the internalization of vesicles ranging from 30 nm to150 nm in diameter, recent work has demonstrated that bacteria and ligand coated beads up to 5.5 mm are readily internalized into cells via clathrin-mediated endocytosis 13 . Caveolin-mediated endocytosis utilizes caveolin-1, a cholesterol-binding integral membrane protein, to form 50-80 nm flask-shaped membrane invaginations called caveolae. Caveolae are also associated with sphingolipid and cholesterol-rich sub-domains, commonly called lipid rafts 14 . Consequently, perturbation of cholesterol or lipid rafts often impede caveolin-dependent endocytosis 15 . Dynamin-independent pinocytosis has emerged as an internalization strategy utilized by many microbes [16] [17] [18] . This type of pinocytosis can be separated into three general divisions: 1) non-clathrin/non-caveolin dependent pinocytosis, 2) macropinocytosis, and 3) lipid raft-mediated pinocytosis 14 . Like many invasive pathogens, F. tularensis gain entry into host cells as an initial step of infection. Efficient internalization of F. tularensis in macrophages has been shown to require complement 19 . Additionally, through the use of the cholesterol sequestering agent Methyl-b-cyclodextran in combination with a plasma membrane marker, it has been suggested that cholesterol-rich microdomains of the plasma membrane, also known as lipid rafts 20 are also involved in F. tularensis internalization into phagocytes 20, 21 . These factors together with the endocytic protein caveolin-1 are thought to synergistically participate in the invasion of Francisella in phagocytic cells 20 . Although Francisella has been known to invade nonphagocytic cells [8] [9] [10] , the mechanism of Francisella entry into these types of cells has not yet been elucidated. In order to examine the sub-cellular mechanisms Francisella use to invade hepatocytes, we developed two F. novicida infection models using two different nonphagocytic murine hepatocyte cell lines, NMuLi and BNL CL.2 cells. Through the coupling of our in vitro systems with pharmacological inhibitors and RNA interference (RNAi), we demonstrate that the clathrin-associated machinery together with cholesterol are vital for efficient F. novicida invasion into non-phagocytic cells, and that this internalization is independent of caveolin.
Results
Murine hepatocytes, a target of F. novicida. F. tularensis are known to infect both phagocytic [22] [23] [24] [25] and non-phagocytic host cells 9, 11, 26 ; however studies examining non-phagocytic epithelial cells during these infections have trailed those of phagocytes. In order to generate a baseline for comparison we initially examined F. novicida infections occurring within murine hepatocytes by using the common F. novicida infection strategy of intraperitoneally infecting mice with ,50 F. novicida 27, 28 . At 48 h post-infection, livers were collected from mice and subsequently co-stained with anti-albumin antibodies, a classical marker of hepatocytes [29] [30] [31] and anti-F. novicida antibodies. Cells that stained positive for albumin were typically infected in clusters, and varied from a few bacteria within a single cell to an unmesurable number of F. novicida that completely filled the host cytoplasm ( Figure 1A ). By using microscopy and manually enumerating cells infected with F. novicida in liver cross sections, we found that 11.3% of albuminpositive cells and 1.1% of albumin-negative cells (those that did not react with anti-albumin antibodies) were infected ( Figure 1B ). This work thus sets a benchmark for the establishment of our epithelial cell culture models using F. novicida and suggested that the majority of infected cells within the livers of F. novicida infected mice were hepatocytes.
To generate cell culture models that would be useful for studying F. novicida hepatocyte infections, we selected two non-phagocytic hapatocyte cell lines, BNL CL.2 and NMuLi cells. We confirmed their hepatocyte characteristic by immunolocalizing albumin in those cell lines and found that both cell lines contained the classical albumin staining present in hepatocytes ( Figure S1 ). Following that verfication, both cell types were infected at a multiplicity of infection (MOI) of 100 for 24 h. During these infections the number of intracellular bacteria varied from ,10, to hundreds of bacteria within the cytosol of a single cell (Figure 2A ). Approximately 15.8% of BNL CL.2 and 25.4% of NMuLi cells became infected with F. novicida ( Figure 2B ) and the bacterial clustering patterns observed in vivo were also evident in the in vitro results ( Figure 1A, 2A) . Next, we examined the colonization levels of F. novicida during shorter infection durations and coupled microscopic examinations with invasion assays using both cell lines. We found a modest level of invasion at 4 h and 8 h (, 10 4 CFU/mL), whereas the highest level of intracellular bacteria were detected at 24 h of infection (10 6 CFU/mL) (Figure 2A ), suggesting that the bacteria had invaded the hepatocytes and likely replicated within them.
Francisella enters non-phagocytes through a clathrin and cholesterol-dependent mechanism. Diverse endocytic strategies are used by microbes to gain entry into non-phagocytic cells 32 . To evaluate the internalization mechanism(s) that promote F. novicida invasion of hepatocytes, we used invasion assays together with pharmacological inhibitors that disrupt specific cellular components to block particular endocytic functions. Clathrin-mediated endocytosis (CME) is a classical pathway often used by pathogens to gain entry into non-phagocytic cells (extensively reviewed by others 33 and our lab 32 ). To determine whether CME was involved in F. novicida invasion, we analyzed levels of bacterial internalization in the presence of the chemical inhibitors monodansylcadaverine (MDC) and chlorpromazine (CPZ), which are frequently used to study the role of CME during pathogen invasion 34, 35 . MDC is a transglutaminase inhibitor that prevents the assembly of clathrincoated pits (CCP) at the plasma membrane, whereas CPZ functions as a clathrin-sequestering agent, inhibiting endosomal recycling of clathrin. We pre-treated both NMuLi and BNL CL.2 cells with CPZ and MDC at various concentrations for 30 minutes prior to infections with F. novicida and analyzed their effects on bacterial invasion. F. novicida internalization into host cells was reduced at 80 mM MDC (by ,60% ) and 5 mM CPZ (by 40-50%) as compared to untreated cells ( Figures 3A, 4A ). Neither condition caused any detectable cytotoxicity to host cells or bacteriocidal effects as drug treated cells remained morphologically viable and intact when observed by phase contrast microscopy (data not shown). Because these drugs are well-known inhibitors that are specific for blocking CME, the loss of bacterial invasion in drug treated cells suggested that F. novicida invasion likely occured through a CME pathway.
Despite the presence of the CME blocking agents, F. novicida still exhibited the ability to enter epithelial cells ( Figure 3A, 4A) , suggesting that F. novicida likely use alternative route(s) in addition to CME for entry. To investigate how F. novicida could invade epithelial cells with dysfunctional clathrin machinery, we examined clathrin-independent endocytic mechanisms, such as caveolin and lipid-raft dependent endocytosis, both of which require cholesterol-rich domains 36, 37 . Extraction of cholesterol from the plasma membrane using methyl-b-cyclodextrin (MbCD), a potent inhibitor that disrupts lipid composition and thus cholesterol-based endocytosis 20, 38 , caused a statistically significant reduction, of ,60%, in F. novicida invasion ( Figure 3B , 4B). We performed additional tests using a combination of progesterone (a cholesterol-synthesis inhibitor) and nystatin (a cholesterol-sequestering agent) [Prog/Nys] to validate the importance of lipid raft domains during these invasion events. Interruption of synthesis and transport of cholesterol to membrane lipid-raft domains by these drugs caused a moderate (,30%), yet statistically significant inhibition in F. novicida uptake in epithelial cells ( Figure 4D ). This data suggests that the presence of cholesterol at the plasma membrane is necessary for efficient invasion given that removal of cholesterol caused more prominent defects in invasion as compared to lipid-raft disruption through cholesterol binding. The importance of cholesterol at the plasma membrane for F. novicida invasion was further emphasized when the invasion levels were almost restored to those of untreated cells when cells that were pre-treated with MbCD were supplemented with excess cholesterol prior to the infections ( Figure 3B ). By contrast, replacement of cholesterol failed to enhance F. novicida invasion in MDC treated cells. To further analyze the importance of cholesterol and CME during F. novicida invasion, a combination of MbCD and MDC were used concurrently to deplete both cholesterol and clathrin in host cells, thus blocking both CME and cholesterol-dependent endocytosis. This further exaggerated the inhibitory effect of F. novicida internalization when compared to a single inhibitor treatment, as the invasion level was diminished by ,80% ( Figure 3C ). We also explored other possible endocytic pathways such as caveolin-dependent endocytosis and/or macropinocyosis that might be used by F. novicida. To accomplish this, we infected cells in the presence of filipin, a cholesterol-sequestering agent that impairs the membrane invagination of caveolae and consequently prevents caveolin-based endocytosis 37 . F. novicida invasion appeared to be resistant to filipin treatment as it did not significantly impede invasion levels in either BNL CL.2 or NMuLi hepatocytes ( Figure 5A ). Further analysis by immunolocalization also revealed a normal pattern of caveolin at the cell periphery and within the cytoplasm that resembled untreated cells; the cytoplsmic caveolin did not accumulate near F.
novicida throughout different stages of infection [at 8 h, 16 h or 24 h post-infection] (
Figure 5B). These results strongly indicate that caveolin likely does not participate in F. novicida invasion of hepatocytes. To assess whether F. novicida engages in macropinocytosis during invasion, we examined cellular invasion in the presence of amiloride, an inhibitor of the Na1/H1 exchange channel at the plasma membrane known to specifically block internalization via macropinocytosis 39 . Treatment with amiloride did not cause any notable changes in F. novicida invasion, especially when compared to Salmonella Typhimurium invasion, which uses well established macropinocytosis strategies to invade their host's cells ( Figure 5C ) 40, 41 . This result is consistent with the lack of actin membrane ruffles (a characteristic of macropinocytosis) in the vicinity of F. novicda during the invasion process (Figure 2A ), thus strengthening the evidence that F. novicida does not utilize macropinocytosis during its invasion process of hepatocytes.
Having demonstrated that clathrin and cholesterol inhibitors significantly attenuate F. novicida invasion, we extended our study by immunolocalizing clathrin and cholesterol to assess whether they became re-distributed during this process. To visualize clathrin localization during invasion, BNL CL.2 cells were infected with F. novicida for 8 h and co-localized with anti-F. novicida and anti-clathrin antibodies. We chose the 8 h timepoint in an attempt to identify regions of bacterial invasion without significant cytoplasmic bacterial replication so that the precise localization of the proteins could be identified at sites of bacterial contact. We found that while the overall protein levels of clathrin remained unchanged ( Figure 3F ), clathrin localized strongly at sites where F. novicida interacted with the host cells ( Figure 3E ). This finding was also evident in BNL CL.2 cells during Francisella LVS invasion as clathrin was found to associate closely with invading Francisella LVS following 8 h infections ( Figure S2 ). To examine the distribution of cholesterol, we took advantage of the cholesterol binding property of the fluorescent probe filipin 36, 42 . Similar to clathrin staining, we observed an accumulation of filipin at sites of F. novicida invasion ( Figure 3F) . Altogether, our data suggest that F. novicida invades epithelial cells at cholesterol-rich domains, in a clathrin-dependent manner.
Clathrin accessory proteins
. novicida utilize the protein assembly of classical-CME machinery for cell invasion, we examined the roles of CME adaptor proteins during F. novicida invasion of non-phagocytic cells. Using a similar approach as aforementioned, we immunolocalized Eps15 and AP-2 (housekeeping components that typically participate in cargo recognition and CCP formation to facilitate the progression of CME 43 ) 8 hours post-infection and found that both Eps15 and AP-2 were recruited to sites of invasion and co-localized with F. novicida in a similar pattern as was found with clathrin ( Figure 6A, 6D) . Identical results were also found during Francisella LVS infections as bacteria were co-localized with cellular Eps15 and AP-2 after 8 h infections ( Figure S2 ). Eps15 or AP-2 protein expression levels remained unchanged in cells infected with F. novicida when compared to uninfected cells ( Figure 6B, 6E) . Because both AP-2 and Eps15 are major constituents of CCPs and govern the progression of CME, recruitment of these molecules to sites of Francisella interaction with host cells strongly supports the notion that Francisella exploit CME as a route for epithelial cell entry.
We continued our study by investigating the importance of Eps15 and AP-2 in F. novicida invasion. Using RNAi, we knocked down both Eps15 and AP-2 (a-adaptin subunit) to undetectable levels ( Figure 6B, 6E) . Depletion of these proteins have been shown to impede CME of many extracellular cargos, including microbes 44 .
We found that loss of Eps15 caused a significant inhibition in clathrin-dependent internalization of F. novicida, resulting in only ,20% invasion relative to cells treated with non-targeting control pool (CP) siRNA ( Figure 6C ). To confirm the importance of clathrin-coat formation at the plasma membrane during the invasion process, we knocked down AP-2, which is known to cause an interruption in CCP assembly. Consistent with results from Eps15 RNAi, AP-2 depleted cells also exhibited a significant decrease in F. novicida invasion, with ,40% of invasion remaining when compared to untreated cells ( Figure 6F ). Collectively, these data show that the clathrin adaptors AP-2 and Eps15 are essential for clathrin-dependent uptake of F. novicida.
Disruption of actin polymerization interferes F. novicida internalization. The cytoskeleton is known to be an integral element necessary for functional and efficient endocytosis 45, 46 . Using the cytoskeletal targeting drugs, cytochalasin-D (Cyt D) and colchicines, Craven and co-workers had previously demonstrated that both actin filaments and microtubules were used by Francisella LVS to efficiently invade pulmonary epithelial cells 8 . To assess whether F. novicida required these filament systems for efficient invasion in hepatocytes, we utilized the cytoskeletal inhibitors Cyt D and latrunculin A (LN A) to block actin filament polymerization. Additionally, we used nocodazole, a pharmacological drug that interferes with microtubule polymerization. Consistent with a previous Francisella LVS report in alveolar epithelial cells 47 , we found that cells pre-treated with the actin-disrupting agents exhibited a significant defect in F. novicida invasion in hepatocytes. Cells pretreated with Cyt D or LN A blocked .60% of bacterial entry as compared to untreated cells ( Figure 3D, 4D) . In contrast, nocodazole treated cells did not exhibit any significant defects in internalizing F. novicida ( Figure 3D ). Together, these results suggest that the actin machinery, but not microtubules, is needed for efficient F. novicida invasion into hepatocytes. To further delineate the role of actin during F. novicida invasion, we immunolocalized actin filaments at 8 h and 24 h of infection and detected no direct association of actin and F. novicida at either time point (Figure 2) . Consequently, it appears that F. novicida either uses actin for invasion via an indirect manner or could use it as part of the CME process, as the actin cytoskeleton has been described to play an important role in facilitating CME 46 .
www.nature.com/scientificreports 210 4 CFU were recovered, representing 0.05%-0.1% of the initial inoculum 47 . Although these important studies demonstrated the ability of Francisella LVS to replicate within these cell types, the internalization strategies utilized by these microbes during their invasion events still required further investigation. Because of the fastidious nature of the Francisella LVS, we opted to primarily use F. novicida as a model of F. tularensis infections. Using these bacteria we demonstrated a high level of colonization in murine heptaocyte in vivo and to elucidate their mechanisms of entry we developed 2 robust in vitro hepatocyte infection models.
We initiated our study by utilizing a panel of drugs that target specific endocytic pathways; none of the drugs used in the study caused adverse effects in bacterial growth, which suggested that the inhibitory effects we observed specifically impeded bacterial entry instead of bacterial replication. Although centrifugation of bacteria onto the host cells is a strategy that some laboratories use to enhance host cell contact with the microbes, in our experiments we allowed the bacteria to attach and colonize onto the surface of host cells without external forces to decrease the external influences during the infections. After monitoring levels of F. novicida infection in the heptaocytes throughout a 24 h period, we found a moderate degree of bacterial containment within the hepatocytes at the 8 h time point and not surprisingly a much higher level of invasion 24 h post-infection. Unlike many fast-invading bacteria such as Salmonella Typhimurium, which invade within 30 minutes 40 , F. novicida required an extended amount of time to initiate invasion into host cells for suitable detection and analysis. As a result, we chose to primarily monitor F. novicida invasion for up to 24 h infections to have ample numbers of internalized bacteria for comparison. Extended infection durations are not uncommon, as Helicobacter pylori invasion into cultured cells occurs at 24 h post-infection 48 and Chladmydia trachomatis invasion is often assessed between 24 h to 72 h post-infection 49, 50 . Using MDC and CPZ, we first found that the loss of functional CME caused a significant decrease in F. novocida invasion when asessed at 24 h. Furthermore, we identified clathrin and major associated proteins at the Francisella entry sites after 8 h of infection. Taken together, these results suggest that CME is a key pathway targeted by these microbes, regardless of the endopoint assayed.
CME is a complex and multi-step process that involves many clathrin accessory proteins to complete the process. Among the ,20 accessory proteins, Eps15 and AP-2 have been shown to be important for efficient internalization of molecules in general 51 . Our finding of impaired F. novida invasion following Eps15 and AP-2 siRNA treatment highlights the importance of these clathrinmediated endocytic proteins and CME as a whole during Francisella invasion.
Because F. novicida retained some capacity to invade these epithelial cell lines in the absence of functional CME, we postulated that another strategy must also be involved. Using the strong cholesterolbinding agent MbCD we extracted cholesterol from the membrane and found a significant decrease in F. novicida uptake. This phenotype reverted when the samples were supplemented with excess cholesterol. These findings coupled with the observation of cholesterol at F. novicida entry sites is reminiscent of cholesterol recruitment seen during Shigella flexneri invasion of HeLa cells 42 . Because phagocytic cells have been shown to use caveolin during F. novicida invasion events, we also studied its involvement and found that caveolin was not required for hepatocyte invasion, despite our findings that invasion requires cholesterol. Such dependence on cholesterol-rich domains in the absence of caveolin is not exclusive to F. novicida as it has been previously demonstrated during the invasion of viral (i.e., Simian virus 40) 52 bacterial (i.e., Brucella abortus)
53
, as well as a much larger parasitic (Toxoplasma gondii) 54 pathogens. Recruitment of actin filaments at the site of internalization has been recognized as important processes during endocytosis, as polymerization of actin creates mechanical force to promote membrane curvature and invagination 55 . In this study, we have shown that F. novicida invasion is severely inhibited in the presence of the actin inhibitor cytochalasin D without detecting any notable membrane ruffling as seen during Salmonella invasion; similar results were previously described in a Francisella LVS invasion study using HEp-2 cells 47 and murine alveolar cells TC-1 8 . While it is likely that F. novicida invasion does not induce massive actin reorganization at the invasion sites, it has also been challenging to detect the small amounts of actin recruited to sites of endocytosis using fluorescent microscopy. Based on the involvement of actin in endocytosis 46, 55 , we suspect that the inhibition of invasion through the impairment of the actin cytoskeleton likely comes from the association of the actin meshwork and endocytic events 46 . While the same Francisella LVS studies also suggested Francisella entry into TC-1 lung epithelial cells and human HEp-2 epithelial cells required microtubule 8, 47 , we did not detect any notable defects in F. novicida invasion into either NMuLi or BNL.Cl2 cells when infected with F. novicida in the presence of the microtubule disrupting drug nocodazol. This discrpency could be due to the difference in the Francisella strain and host cell types used.
Collectively, we have demonstrated F. novicida uses multiple strategies for efficient internalization into hepatocytes, which involves functional clathrin-mediated endocytosis and cholesterol-rich microdomains.
Methods
Bacteria and growth conditions. F. tularensis subsp. novicida strain U112 was grown on trypticase soy agar (TSA) or broth (TSB) supplemented with 0.1% L-cysteine at 37uC. The bacteria were grown to stationary phase for 18 h at 37uC with shaking at 220 rpm. Salmonella Typhimurium (strain SL1344) was grown using the same parameters on Luria Bertani (LB) agar or broth.
Animal infections, tissue preparation and tissue immunolocalization. Female BALB/C mice aged 6-8 weeks (Charles River Labortories, Quebec, Canada) were left undisturbed to recover from transport for at least 4 days. Infections were performed by intraperitoneal injection of 50610 F. novicida bacteria in 100 ml of TSB 1 0.1% Lcysteine. Immediately following the infection, the identical volumes of the bacterial culture were spread onto TSA-C plates. Colony forming units (CFUs) were enumerated after plates were incubated overnight at 37uC. Following 48 h infections, mice were euthanized and livers extracted then submerged into 3% paraformaldehyde (room temperature) in phosphate-buffered saline (PBS; 150 mM NaCl, 5 mM KCl, 0.8 mM KH 2 PO 4 , 3.2 mM Na 2 HPO 4 , pH 7.3) for 3 h. After 3 successive 10 min PBS washes, fixed organs were frozen (using liquid nitrogen) and attached to an aluminum stub by OCT compound (Sakura Finetek USA, Torrance). 5 mm frozen sections were cut and attached to Superfrost (VWR) glass slides that were pre-coated with 0.01% poly-L -lysine solution (Sigma). Slides with attached tissue sections were immediately plunged into 220uC acetone for 5 min, air-dried, then blocked with 5% ''Blotto'' non-fat dry milk (Santa Cruz Biotechnology) in PBS for 20 min. The slides were then incubated overnight at 4uC with a 151000 dilution of rabbit anti-F. novicida were acquired using a Leica DMI4000B inverted fluorescent microscope equipped with a Hamamatsu Orca R2 CCD camera (Hamamatsu, Japan) and Metamorph Imaging System software (Universal Imaging Corp., Pennsylvanian). The presence of albumin in cells was asessed by examining samples and those that did not react were considered absent of albumin. In all of those instances positively reacting cells were also present in the samples, which acted as positive controls for the experiment. For antibody specificity controls, primary antibodies were replaced with normal immunoglobulin from the host animal species at identical concentrations to the primary antibodies.
Cell lines and culture model infection parameters. Cultured BNL CL.2 (TIB-73) and NMuLi (CRL-1638) murine hepatocytes (ATCC) were grown in high-glucose Dulbecco's modified Eagle's medium (DMEM) (Thermo Scientific) supplemented with 10% Fetal Bovine Serum (FBS) at 37uC and 5% CO 2 . Cells were grown to confluence in 6-or 24-well cell culture plates overnight in 10% FBS in DMEM before switching to 10% FBS in DMEM supplemented with 0.1% L-cysteine prior to infection.
Cultured cell invasion assays and inhibitor studies. Inhibitors targeting different endocytic pathways were used to evaluate levels of F. novicida invasion. The duration of treaments and concentrations were determined and optimized according to previous studies as well as cell viability assays. BNL CL.2 or NMuLi cells were seeded at a concentration of ,1.5310 5 cells/mL in 24-well culture plates and used 24 h after seeding. Monolayers of confluent cells were pre-incubated at 37uC with the following inhibitors for 30 min: 5 mM chloropromazine, 5 mM cytochalasin D, 2.5 mM lantruculin A, 2.5 mM MbCD, 80 mM MDC, 2 mg/mL progesterone combined with 10 mM nystatin. Cells were pre-treated for 2 h with 2.5 mM nocodazole and 15 min with 5 mM amiloride at 37uC prior to infection. For the cholesterol supplementation study, 1 mM solubilized cholesterol in chloroform was added to MbCD treated cells at a final concentration of 2 mM for 30 min prior to infection. All compounds (purchased from Sigma) were maintained in the media during infections except amiloride, which was removed prior to infections. Untreated controls are only treated with carrier buffer (ie: DMSO) in the absence of inhibitors. Following pre-treatment, cells were infected with F. novicida at an MOI of 100. At 22 h post-infection, cells were washed three times with warm DMEM 1 10% FBS and treated with media containing 100 mg/ml gentamicin for 2 h at 37uC to kill extracellular bacteria. For amiloride studies, cells were infected with F. novicida at an MOI of 100 for 6 h followed by 2 h gengamicin treatment. As a positive control, HeLa cells were infected with Salmonella Typhimurium at an MOI of 100 for 30 min followed by 1 h gentamciing treatement. After 3 PBS washes, cells were lysed either mechanically using a 27 1/2 gauge needle or chemically using 1% Triton X-100 in PBS. The released internalized bacteria were immediately serially diluted and plated on TSA-C for colony-forming unit (CFU) enumeration to quantify levels of internalization.
Cultured cell immunolocalization. Cells were grown to ,80% confluency on sterile No.1.5 glass coverslips in 6-well culture plates. Prior to infection, media was replaced with DMEM 1 10% FBS with 0.1% cysteine. After 8 h, 16 h or 24 h infections at an MOI of 100, cells were fixed in 3% paraformaldehyde in PBS for 15 min, washed three times with PBS, incubated with 0.2% Triton X-100 and treated with 5% NGS following chemical reagent or antibody treatments in processes mentioned above. Cholesterol localization was determined using a UV fluorescent cholesterol binding fungal toxin, filipin, which binds cholesterol and emits blue fluorescence. Cells were incubated with filipin (50 mg/mL) for 30 min at RT, washed three times with PBS, then co-localized with F. novicida. Clathrin, Eps15, AP-2 and caveolin-1 localization was performed using mouse anti-clathrin heavy chain antibodies at 15.6 mg/ml (BD Biosciences), mouse anti-Eps15 (clone 17) antibodies at 16.67 mg/ml (Santa Cruz Biotechnology), mouse anti-AP2 a-adaptin (3B5) at 10 mg/ml (BD Biosciences), or mouse anti-caveolin-1 (clone 2297) antibodies at 16.67 mg/ml (BD Biosciences). Prior to staining with clathrin, Eps15 and AP-2 antibodies, the antibodies were precleared against F. novicida to ensure no cross reactivity with the bacteria. To accomplish this, 1 ml of live F. novicida was pelleted, fixed for 20 min with 500 ml of 3% paraformaldehyde in PBS at RT then washed 6 times with PBS at 15 min intervals. F. novicida was pelleted and re-suspended overnight at 4uC with the antibody, prepared at the concentrations described above, then used for immunolocalization.
Cell lysate preparation and western blotting. BNL CL.2 cells were grown on 150 mm tissue culture dishes and infected at an MOI ,100 with F. novicida for 24 h. Cells were washed 3 times with PBS containing 1 mM CaCl 2 and 1 mM MgCl 2 followed by treatment with RIPA lysis buffer (150 mM NaCl, 50 mM Tris pH 7.4, 5 mM EDTA, 1% Nonidet P-40, 1% Deoxycholic acid, 10% SDS) for 10 min on ice. Western blotting was performed according to Guttman and colleagues 57 . Briefly, equal amounts of total protein was loaded and separated on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad Laboratories). Membranes were blocked with 5% non-fat milk and washed in Tris-buffered saline with 0.1% Tween-20 (TBST) 3 times for 5 min. A primary rabbit anti-Eps15 antibody (Santa Cruz Biotechnology, CA) was used at 1.0 mg/ml, a mouse anti-AP2 a-adaptin (3B5) antibody (Trevor Williams lab, Developmental Studies Hybridoma Bank, IA) was used at 0.725 mg/ml, and a mouse anti-clathrin heavy chain antibody (BD Biosciences) was used at 0.25 mg/ml. Antibodies were prepared in TBST supplemented with 1% BSA. After washing, a horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology) was used as previously described 57 . Signals were detected by enhanced chemiluminescence (Perkin Elmer) and exposed on Kodak BioMax light film.
RNA interference. Small interfering RNA (siRNA) ON-TARGETplus SMART pools were synthesized and purchased from Dharmacon, targeting Eps15 (Catalog: 004005) and AP-2 A1 a-adaptin (Catalog: 11771). For RNAi controls, equal amount of siGENOME Non-Targeting siRNA Pool (Catalog: D-001206-13) was used. BNL CL.2 cells were grown in 24 well plates to 40% confluency and transfected with 50 nM of the siRNA pool using the jetPRIME transfection reagent or INTERFERin (Polyplus transfection) according to the manufacturer's procedures. At 48 h post-transfection, cells were either treated with RIPA lysis buffer supplemented with a protease inhibitor cocktail (Roche) for cell lysates, or infected with F. novicida for 24 h before being processed for invasion assays.
Statistical analysis. All experiments were performed at least in triplicate during a single run, and repeated a minimum of three times. For enumerating infected murine liver cells, phase and fluorescent images of liver cells stained for albumin (or F-actin), F. novicida, and DNA were overlayed and tallied using Fiji software (http://fiji.sc/ wiki/index.php/Fiji). Localization of F. novicida within the cytoplasm of albuminpositive and negative cells were considered 'infected', whereas cells that show no F. novicida localization within the cell periphery were counted as 'uninfected'. Each field of view was acquired as a stack under both phase-contrast and fluorescent microscopy. Student's t-test was applied to determine statistical signifinance between the two experimental groups. For inhibitor studies, results were expressed as the means 6 standard deviation (s.d.) from repeated independent experiments. Differences between untreated and inhibitor treated samples were compared using One-way ANOVA followed by Dunnett's Multiple Comparison Test (P, 0.05). Differences between control pool and RNAi treatments were compared using Student's t test. (P,0.05).
